Objectives. Diabetes mellitus is associated with dyslipidemia, which contributes to a higher risk of thrombosis, atherosclerosis and cardiovascular disease. This study evaluated the effects of leucine and resistance training on the serum lipid profile in rats with streptozotocin-induced diabetes for 8 weeks.
Diabetes mellitus (DM) is defined as a group of metabolic diseases with the presence of a hyperglycemic state due to impairments in insulin release or function in type 1 and type 2 DM, respectively (D'Souza et al. 2013) . The development of each form of diabetes drastically differs, but the resulting pathologies often overlap. In both types of diabetes, alterations occur in the metabolism of lipids and lipoproteins. This characteristic dyslipidemia of DM is associated with an increased oxidative stress and has been implicated in the pathogenesis of the atherothrombotic macrovascular disease (Bierman et al. 1966 ). Hypercholesterolemia in streptozotocin-induced (STZ) diabetic rats results from the increased synthesis of cholesterol-ester rich lipoproteins and from the inhibited removal of circulating low-density lipoprotein cholesterol (LDL-C) (Mathe 1995) .
Leucine supplementation has potential therapeutic effects on body composition and improves the glucose and cholesterol metabolism in animal models (Donato et al. 2006; Zhang 2007; Liu et al. 2014) . The leucine may also alter serum lipid profile in experimental obesity models. The leucine supplementation reduced the serum concentration of total cholesterol and this response did not depend on body weight or fat mass changes (Torres-Leal et al. 2011) . Zhang et al. (2007) have observed that a reduction in cholesterol levels with leucine supplementation in obese mice was independent of leucine-induced changes in adiposity. However, little is known about the molecular mechanisms that are activated by leucine and that change cholesterol metabolism. It is possible that this amino acid stimulates an increase of fatty acid synthesis in the muscle accompanied by a concomitant decrease in the liver fatty acid synthesis considered to be a positive effect on lipid metabolism (Morifuji et al. 2005) .
In addition, the resistance training has also been considered as a potent non-pharmacological tool. In STZ-induced diabetic rats, resistance training increased muscle strength, interleukin-15 (IL-15) secretion capacity as a myokine that is not depressed in the diabetic state and improved adiposity and obesityassociated inflammation and the serum lipid profile (Molanouri et al. 2014; Safarzade and Talebi-Garakani 2014) . Number of studies regarding the effects of resistance training on lipoproteins metabolism in diabetes is very limited and their findings are still controversial. Research show that resistance training associated with aerobic training increases high-density lipoprotein cholesterol (HDL-C) and reduces LDL-C (Safarzade and Talebi-Garakani 2014) . Furthermore, studies in humans show that resistance training alone reduces or does not alter the concentrations of LDL-C in blood (Cauza et al. 2005; Ghanbari -Niaki et al. 2011 ) and decreases or increases circulating HDL-C (Costa et al. 2011; Williams et al. 2011) . Despite the disagreements, Fahlman et al. (2002) have reported that the resistance training alone is able to alter the metabolism of lipoproteins, which may help in the prevention of cardiovascular and atherosclerotic diseases.
We investigated the effects of two therapeutic strategies on the serum lipid profile of STZ-induced diabetic rats, i.e. a resistance training program and leucine supplementation. To our knowledge, this is the first report evaluating the effects of combined interventions on the serum lipid profile in STZ-induced diabetic rats.
Materials and methods
Animals. Five-day-old male Wistar rats (40 animals in total) were separated from their mothers for 8 h and divided into two groups: a diabetic group (n=32) that received an intraperitoneal (i.p.) injection of STZ (120 mg/kg body weight) freshly diluted in citrate buffer (10 mM Na citrate, pH 4.5) and a non-diabetic group (n=8) that received only the citrate buffer injection (i.p.) in an equivalent volume and served as the control group (C group) (Takada et al. 2007; Martins et al. 2017) . Twenty-one days after birth (at weaning), all of the rats from the diabetic group presented glycemia above 150 mg/dl and were included in this study, and were divided into four groups: the D group (n=8) received an isonitrogen AIN-93M diet that was defined as control diet; the DT group (n=8) received the same isonitrogen diet and performed resistance training; the DL group (n=8) was treated diet supplemented with 5% L-leucine; and the DLT group (n=8) was treated with 5% of L-leucine and resistance training. The interventions were performed for 8 weeks. The animals were treated already at 21 days of age because it is time of weaning of the animals, which begin to feed chow and was possible to analyze the glycemia in tail of rats. At the end of last week of intervention, the animals were euthanized by decapitation after 6 h of fasting.
Experimental design. The experimental diets were prepared according to the recommendations of the American Institute of Nutrition for adult rats (AIN-93M diet). Based in this diet, 50 g of cornstarch/kg of chow were replaced by 50 g of leucine (diet supplemented with 5% L-leucine) or by 50 g of a non-essential amino acid mix (alanine, aspartic acid, glycine, proline and serine) with equivalent quantities of nitrogen of diet supplemented with leucine (isonitrogen diet) (Reeves et al. 1993) .
The exercise consisted of climbing a ladder inclined at 85 ° nine times. Training sessions were held three times a week in the morning. This protocol provides an animal model of resistance exercise that closely resembles the exercise parameters and physiological adaptations observed in humans who participate in resistance training (Hornberger and Farrar 2004) . All of the methods used were approved by the Local Ethical Committee on Animal Use according to the Brazilian College of Animal Experimentation (protocol: 14.2014-P451).
Measurement of concentrations of serum lipoproteins and serum fasting glucose. The concentrations of serum lipoproteins [total cholesterol (TC), triglycerides (TG), HDL-C, LDL-C] were measured by enzymatic methods using a Labtest® kit (Labtest® diagnostica AS, Brazil). The very low-density lipoprotein cholesterol (VLDL-C) was calculated using Friedewald's equation as follows: VLDL-C = TG/5. The antiatherogenic index (AAI) was calculated using the formula (AAI = HDL-C × 100 / TC -HDL-C). This index has an inverse relationship with coronary heart disease risk by lipoprotein abnormalities that are potentially atherogenic (Guido and Joseph 1992) .
Serum glucose was enzymatically determined using the following commercial kits. Glucose (Labtest® diagnostica AS, Brazil).
Statistical analysis. The results are expressed as the mean ± SEM. The dependent variables were tested by one-way followed by Tukey's test (GraphPad Software Inc., San Diego, Calif., USA). Differences were considered significant at p<0.05.
Results
Lipid profile. Serum TC was greater in the D group compared with the C group (p<0.05). The serum TC in the diabetic group was reduced only in the trained groups (DT and DLT) in relation to D group. HDL-C was significantly higher in the DT and DLT groups compared to the D group (p<0.05). According to the AAI, DT and DLT groups were higher than the C, D and DL groups (p<0.05) and may also be related to the antiatherogenic properties of HDL-C.
No differences were observed in the TC, TG, HDL-C, LDL-C, VLDL-C, and AAI values in the D and DL groups (p>0.05), which shows that leucine supplementation alone could not modulate the serum lipid profile. This difference in results may be caused by the use of a diabetic and non-obese model in our study.
Fasting glucose. Figure 1 shows the lower fasting serum glucose in the groups treated with resistance training alone or combined with a leucine (DT and DLT groups), and DL group compared to the D group (p<0.05).
Discussion
The diabetic untreated group of rats showed higher TC, which can be explained by insulin pathway. Insulin also plays an important role in the metabolism of lipids. Under normal condition, insulin increases the receptor-mediated removal of LDL-C (Saravanan and Pari 2005) and decreases the activity or secretion of insulin during diabetes causes hypercholesterolemia (Saravanan and Pari 2005; Gengiah et al. 2014) . However, the groups that were submitted to resistance training had a reduction in TC. Similar results have been observed in type I diabetic men subjected to resistance training (Durak et al. 1990 ). Lira et al. (2010) have shown that low/moderate or high-intensity resistance training improvement the lipid profile of untrained males, although the mechanisms underlying this effect are unclear. The authors speculated that the reduction in TC is a result of the exchange of cholesterol ester between tissues and lipoproteins to HDL-C. These mechanisms include increases in lecithin cholesterol acyltransferase (LCAT), the enzyme that is responsible for cholesterol ester transfer to HDL-C. LCAT levels have been shown to be increased following exercise training (Nicastro et al. 2012) .
The groups that were submitted to resistance training also had increased HDL-C concentrations, which also support a model of diabetes induced by STZ with resistance training (Nicastro et al. 2012; Molanouri et al. 2014) . These TC and HDL-C data confirm the beneficial effect of resistance training on the serum lipid profile, which may have a protective effect on the cardiovascular diseases, according to the AAI (Kraus et al. 2002; Williams et al. 2007 ). In these trained groups the AAI also proved to be high and may be related to anti-atherogenic properties of HDL-C. In addition, HDL-C transports circulating cholesterol and delivers it to the liver. This lipoprotein also has other atheroprotective functions and anti-inflammatory, antioxidant, and vasodilator properties. Normal functional HDL-C has high levels of antioxidants and redox-active proteins (Podrez 2010) .
Some studies have reported that leucine supplementation for 6 weeks reduces the serum TC, but not TG and HDL-C (Torres- Leal et al. 2011) , and 14 weeks of leucine supplementation in drinking water decreases the TC and LDL-C in obese animals induced by a high-fat diet (Zhang et al. 2007 ). However, in our study, no differences were observed in the TC, TG, HDL-C, LDL-C, VLDL-C and AAI values in the D and DL groups (p>0.05), which indicates that leucine supplementation alone could not modulate the serum lipid profile.
Resistance training was also able to reduce serum fasting glucose. This result is associated with the fact that resistance training enhances the blood glucose uptake by skeletal muscle through the insulindependent mechanisms. The exercise increases the potential for the translocation of GLUT-4 into the membrane of skeletal muscle cells and enhances the skeletal muscle and whole-body insulin sensitivity and insulin-stimulated glucose uptake can persist up to 24-48 hours after one exercise session (Holten et al. 2004; Cartee 2015) .
The improvement of circulating glucose levels in the DL group may be related to the action of leucine in the recovery of insulin signaling at long term (Hinault et al. 2006) . In study of Liu et al. (2014) , the insulin-stimulated glucose uptake and Akt phosphorylation were inhibited in skeletal muscle cells by the wortmannin, but the inhibition was partially Figure 1 . Serum lipid profile and fasting glucose of streptozotocin-induced treated rats submitted to leucine supplementation and resistance training. Data are means ± SEM. Note that above each bar, there are letters. Bars sharing the same letters do not differ statistically. Letters not shared indicate statistically significant differences (p<0.05). Abbreviations: TC -total cholesterol; TG -triglycerides; HDL-C -high-density lipoprotein; LDL-C -low-density lipoprotein; VLDL-C -very low-density lipoprotein; AAI -antiatherogenic index; C -Control group; D -diabetic group; DT -diabetic and resistance training group; DL -diabetic and leucine; DLT -diabetic, leucine and resistance training. reversed by leucine. In addition, this recovery of the leucine-induced Akt phosphorylation was neutralized by knocking down of the mammalian target of rapamycin complex 2 (mTORC2) with specific siR-NA. These findings show that leucine facilitate the insulin signaling and insulin-induced glucose uptake in skeletal muscle cells through both mTORC1 and mTORC2, implicating the positive effect of this amino acid on glycemia control in diabetics.
Conclusions
Leucine supplementation alone did not promote significant improvements in the serum lipid profile. However, resistance training alone or combined with leucine supplementation increased the HDL-C and AAI and reduced the TC in the serum of our experimental model of diabetes, improving dyslipidemia and promoting cardiovascular benefits in these animal models, but without any synergistic effect of leucine and resistance training.
